An extensive experimental investigation has been conducted to study vortex-fin interaction on a 76°sharp-edged delta wing with vertical twin-fin configuration by Washburn, Jenkins and Ferman 7.
The verticaltailswere placed at nine locations behind the wing. The experimental data showed that the aerodynamic loads are more sensitive to the chordwise taillocationthan itsspanwise location. As the tailswere moved toward the vortex core, the buffetingresponse and excitationwere reduced. Although the taillocationdid not affect the vortex core trajectories, it affectedthe locationof vortex-corebreakdown. Moreover, the investigation showed that the presenceof a flexible tailcan affect the unsteady pressureson the rigid tailon the oppositesideof the model. In a recent study by Bean and Lees testswere performed on a rigid 6% scale F/A-18 in a trisonic blowdown wind tunnel over a range of angle of attack and Mach number. The flight data was reduced to a non-dimensional buffet excitation parameter, for each primary mode. It was found that buffeting in the torsional mode occurred at a lower angle of attack and at larger levels compared to the fundamental bending mode.
Kandil, Kandil and Massey 9 presented the first successful computational simulation of the vertical tall buffet using a delta wing-vertical tall configuration.
A 760 sharp-edged delta wing has been used along with a single rectangular vertical tail which was placed aft the wing along the plane of geometric symmetry. The tail was allowed to oscillate in bending modes. The flow conditions and wing angle of attack have been selected to produce an unsteady vortex-breakdown flow. Unsteady vortex breakdown of leading-edge vortex cores was captured, and unsteady pressure forces were obtained on the tail. These computational results axe in full qualitative agreement with the experimental data of Washburn, Jenkins and Ferman _.
Kandil, Kandil and
Massey l°extended the technique used in Ref. 9 to allow the vertical tail to oscillate in both bending and torsional modes. The total deflections and the frequencies of deflections and loads of the coupled bending-torsion case were found to be one order of magnitude higher than those of the bending case only. Also, it has been showrt that the tail oscillations change the vortex breakdown locations and the unsteady aerodynamic loads on the wing and tail.
Kandil, Massey and Sheta 11 studied the effects of coupling and uncoupling the bending and torsional modes for a long computational time, and the flow Reynolds number on the buffet response, of a single rectangular tail. It has been shown that the coupled response produces higher deflection than that of the uncoupled response. Moreover, the response of the coupled case reaches periodicity faster than that of the uncoupled case. It has also been shown that the deflections of the low-Reynolds number case are substantially lower than that of the high Reynolds number case.
In a very recent paper by Kandil, Sheta and Massey 12, the buffet response of a single sweptback vertical tMl in transonic flow at two angles of attack (20°, 28°) has been studied. It has been shown that the aerodynamic loads and bendingtorsional deflections of the tail never reached periodic response and that the loads are one order of magnitude lower than those of Ref. 11 of the subsonic flow.
In this paper, we consider the buffet response of the F/A-18 twin tail. The configuration consists of a 76°-swept back, sharp-edged delta wing and a T-extension on which the F/A-18 twin tail is attached as a cantilevers.
A multi-block grid is used to solve the problem for two lateral locations of the twin tail; the midspan location and the inboard location.
FORMULATION
The formulation consists of three sets of governing equations along with certain initial and boundary conditions. The first set is the unsteady, compressible, full Navier-Stokes equations. The second set consists of the aeroelastic equations for bending and torsional modes. The third set consists of equations for deforming the grid according to the twin tail deflections.
Next, the governing equations of each set along with the initial and boundary conditions are given.
Fluid-Flow
Equations:
The conservative form of the dimensionless, unsteady, compressible, full Navier-Stokes equations in terms of time-dependent, body-conformed coordinates _1, _2 and _3 is given by 
/_,, and (/_), are the _m-inviscid flux and _'-viscous and heat conduction flux, respectively. Details of these fluxes are given in ReL 9.
Aeroelastic
The dimensionless, linearized governing equations for the coupled bending and torsional vibrations of a vertical tail that is treated as a cantilevered beam are considered. The tail bending and torsional deflections occur about an elastic axis that is displaced from the inertial axis. These equations for the bending deflection, w, and the twist angle, 8, are given by
where z is the vertical distance from the fixed support along the tail length, It, EI and GJ the bending and torsional stiffness of the tail section, m the mass per unit length, Ie the massmoment of inertia per unit length about the elastic ayAs, zo the distance between the elastic axis and inertia axis, N the normal force per unit length and Mt the twisting moment per unit length. The characteristic parameters for the dimensionless equations are c', a_o, p_ and c=/a_ for the length, speed, density and time; where c" is the delta wing root-chord length, a_ the freestream speed of sound and p_ the freestream air density. The geometrical and natural boundary conditions on w and 0 are given by
The solution of Eqs. (4) and (5) are given
where ¢i and ¢j are comparison functions satisfying the free-vibration modes of bending and torsion, respectively, and qi and qj are generalized coordinates for bending and torsion, respectively. In this paper, the number of bending modes, ], is six and the number of torsion modes, M -], is also six. Substituting Eqs. (8) and (9) into Eqs. (4) and (5) and using the Galerkin method along with integration by parts and the boundary conditions, Eqs (6) and (7), we get the following equation for the generalized coordinates qi and qj in matrix form:
where Mll --:
Similar aeroelastic equations were developed for sonic analysis of wing flutter by StrganaO 3. The numerical int.egration of Eqs. (11) (12) (13) is obtained using the trapezoidal method with 125 points to improve the accuracy of integrations.
The solution of Eq. (10), for qi;i = 1,2, .... ,I, and qJ;J = ]+1, .... ,M, is obtained using the Runge-Kutta scheme. Next, w, and 0 are obtained from Eqs. (8) and (9).
Grid Displacement
Once w and 0 are obtained at the n + 1 time step, the new grid coordinates are obtained using simple interpolation equations.
In these equations, the .+1 and their twin tail bending displacements, wij,k , displacement through the torsion angle, _+1 vi,j, k are interpolated through cosinefunctions.
Boundary and Initial
Conditions: A multi-block grid consisting of 4 blocks is used for the solution of the problem.
The first block is a O-H grid for the wing and upstream region, with 101XSOX54 grid points in the wrap around, normal and axial directions, respectively. The second block is a H-H grid for the inboard region of the twin tail, with 23XSOX14 grid points in the wrap around, normal and axial directions, respectively.
The third block is a H-H grid for the outboard region of the twin tail, with 79XSOX14 grid points in the wrap around, normal and axis] directions, respectively. The fourth block is a O-H grid for the downstream region of the twin tail, with 101X50X24 grid points in the wrap around, normal and axial directions, respectively. Figure  1 shows the grid topology and a blow-up of the twin tail-delta wing configuration.
The configuration
is investigated for two spanwise separation distance between the twin tail; the mid-span location for which the separation distance is 56% of the wing span and the inboard location for which the separation distance is 33% of the wing span.
Mid-span Location of Twin Tail (56% wing span): Initial Conditions:
Keeping the twin tail rigid, the unsteady, compressible, full Navier-Stokes equations are integrated time accurately using the implicit, fluxdifference splitting scheme of Roe with a At = 0.001 to a dimensionless time, t = 4.0. Figure 2 shows three-dimensional views of the total pressure on the wing and twin tall surfaces, the vortex cores particle traces and the vortex cores iso-total pressure surfaces. Figure 3 shows the static-pressure contours and the instantaneous streamlines in a cross-flow plane which is located at z = 1.133.
It is observed from Fig. 2 that the vortex-breakdown locations are forward of the wing trailing edge, about 72% of the wing chord (consistent with Washburn, et al results_), and theirshape and locationsareslightly asymmetric. Figure 3 shows that the vortex-breakdown flow is insidethe region between the twin tail.It is alsoobserved that a small vortexflowdevelopson the outsidecorner of the junctureof the talland the trailing edge extension(consistent with Washburn, et al results 7).The static pressurecontours show a lower-pressure level over the insidesurface of the tail than the pressurelevel over the outside surface of the tail.
Uncoupled
Bending-Torsion Twin Tail Response:
Each of the tail is treated as a swept back beam with dimensionless modulii of elasticity and rigidity, E and G of 1.8X10 s and 0.692X10S; respectively.
The density ratio, (p/p_), of the tall material is taken as 32. For the present cases of uncoupled bending-torsion response, the distance between the elastic axis and the inertia axis, ze, in Eqs. (4) and (5) is set equal to zero. Figure  4 shows that the vortex breakdown locations have moved forward of the vortex-breakdown locations of the initial conditions. Figure 5 shows that the vortex-breakdown flow is still inside the region between the twin tail, asymmetric and experiencing more breakdown in comparison of the initial conditions results of Fig. 3 . The static pressure contours inside the region between the twin tall of Fig. 5 show higher pressure levels than those of the initial conditions results of Fig. 3 . It is conclusively evident that the deflections of the twin tall change the locations and shapes of the vortex breakdown flow on the wing and between the twin tail.
The structural responses of the twin tall show interesting results which are used to explain the fluid flow responses.
These results are given in Figs.
6-11 with Figs. 6, 8 and 10 for the right tail (as viewed in the upstream direction) and with Figs. 7,9 and 11 for the left tail. Figures 6 and 7 show the distributions of deflections and loads for bending and torsion responses of the right and left tails along the vertical distance z every 1000 time steps. It is observed that the bending responses are in the first mode shape while the torsion responses are combinations of the first, second and third mode shapes.
Moreover, the maximum bending deflections are about two times those of the torsion deflections. Figures 10 and 11 show the total deflection (bending plus torsion) distribution along the vertical distance z every 1000 time steps and the history of the root bending moment versus time for the right and left tails. It is observed that the total deflection distributions for the right and left tails are of opposite sign and the same observation is the same for the root bending moments. The tails are obviously deflecting toward the region between the twin tall resulting in the increase of the pressure in this region, as has been observed in Fig. 5, and In this case the twin tail have been moved laterally inboard with a separation distance of 33% of the wing span. The initial conditions have been obtained after 4,000 time steps with the twin tail kept rigid. Figures 12 and 13 show the threedimensional views and the cross-flow plane views at x = 1.133.
It is observed that the twin tall cut through the vorte.x-breakdown flow splitting it into two vortical flows at each tall, with two vortics] flows inside the region between the twin tail and one vortical flow outside of each tail. The vortical flows inside the region are larger but weaker than those outside of the twin tail. The flow is more symmetric in comparison with that of the initial conditions of the mid-span position.
The static pressures on the inside surfaces of the twin tail are larger than those on the outside surfaces of the twin tail.
Using the same aeroelastic modulii as those of the mid-span case, the problem is solved for the uncoupled bending-torsion twin-tail response. Figure  20 and 21 show the total deflection distribution along the vertical distance z every 1000 time steps and the time history of the root bending moment. It is observed that the maximum total deflections of this case is 50% lower than that of the mid-span position case and similar conclusion is applicable to the root bending moment.
CONCLUDING REMARKS
The buffet response of the twin-tall configuration of the F/A-18 aircraft has been investigated computationally using three sets of equations for the aerodynamic loads, the bending and torsional deflections and the grid displacements due to the twin tail deflections. The leading-edge vortex breakdown flow has been generated using a 76°-swept back sharp-edged delta wing which is pitched at 32°angle of attack.
The twin tail is cantilevered at a trailing edge extension of the delta wing.
Two spanwise separation distances between the twin tail are considered in this study; the midspan location with 56% spanwise separation distance and the inboard location with 33% spanwise separation distance. Only, uncoupled bending-torsion response cases are considered in this study.
For both cases of the spanwise separation distances, the locations of vortex breakdown of the wing leading-edge cores were forward of the wing trailing edge. For the midspan location case, the vortex-breakdown flow was inside the region between the twin tail. For the inboard location case, the vortex-breakdown flow was split by the twin tall into a vortical flow between the twin tail and another vortical flow outside the twin tall. In both cases, the vortex-breakdown location on the wing moved forward due to the twin tail deflections. For the mid-span location case, the bending deflections were about 50% higher than those of the inboard location case, but the torsion deflections were 50% lower than those of the inboard case. For the mid-span location case the bending deflection for each tail has the same sign; negative for the right tail and positive for the left tail. For the inboard location case, the bending deflection for each tail changed sign as the oscillations continued. The bending oscillations of the mid-span location case were in the first mode shape while those of the inboard location case were in the first and second mode shapes. The torsional oscillationsforboth cases were in the first, second and thirdmode shapes. 
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